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In the vasculature, the most prominent GAGs on the surface of endothelial cells (ECs) are heparan sulfate (HS), accounting for Ͼ50% of the total GAG pool, the rest being comprised of chondroitin sulfate (CS) and hyaluronic acid (HA). HS and CS are covalently linked to PGs, whereas HA is a nonsulphated GAG that is not bound to a core protein. Syndecan-1 and glypican-1 are two major heparan sulfate proteoglycans (HSPGs) on ECs. Syndecan-1 possesses both HS and CS chains, whereas glypican-1 exclusively carries HS chains (14, 33) . In particular, syndecan-1 is localized on the plasma membrane via a single transmembrane domain (4) , in contrast to glypican-1, which is anchored to the extracellular face of the membrane by a glycosylphosphatidylinositol (GPI) linkage (7) . GPI-anchored proteins are localized to membrane rafts (MRs) (18, 27) that are highly elastic and dynamic microdomains (23, 26) . We hypothesized that fluid shear stress can induce the redistribution of GPI-anchored glypican-1 in contrast to the constrained mobility of transmembrane-bound syndecan-1.
MRs are classified into two types depending on the prevalent mechanism of cohesion: protein-based membrane domains (i.e., caveolae) and lipid-based domains (i.e., lipid rafts) (16) . Caveolae and lipid rafts exist separately on the cell surface (28) ; both are greatly enriched in cholesterol and exoplasmic sphingolipids. In particular, the membrane protein caveolin-1 attaches to the cytosolic face of plasma membrane via a hydrophobic hairpin loop and provides a scaffold for caveolae formation (24) . Lipid rafts are organized in a liquid-order phase, characterized by limited acyl-chain order but high translational mobility (16, 30) .
GPI-anchored proteins are localized in both caveolae and lipid rafts, with nearly half of GPI-anchored proteins localized outside of caveolae on ECs (18, 27) . The glycosphingolipid ganglioside GM 1 is a component of the plasma membrane of all cells and a marker for MRs, including caveolae (20) . The cholera toxin B subunit (CTx-B) has been found to bind specifically to GM 1 and has been used as a MR marker in many studies (6, 20) .
In the present study, we investigated, for the first time, the changes in distribution of MRs (caveolin-1 and GM 1 ), PGs (glypican-1 and syndecan-1), and their associated GAGs (HS and CS), and albumin after exposing statically cultured ECs to shear stress, focusing on the initial 30 min after initiation of shear. We found that HS moved downstream and clustered near the cell boundary and that shear stress induced a similar clustering of glypican-1. However, CS, albumin, and syndecan-1 did not move during the 30 min of shear stress exposure. The distribution of caveolin-1 did not change, but movement and clustering of GM 1 was apparent. Therefore, we conclude that fluid shear stress induced the clustering of HS via mobility of glypican-1 associated with lipid rafts, not caveolae.
MATERIALS AND METHODS

Cell culture
Rat fat pad endothelial cell (RFPEC) is a well defined cell model for studying the effect of shear stress on glycocalyx (34) , which was cultured in the present study as described previously (34, 42) . In brief, RFPECs were cultured at 37°C with 5% CO 2 in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% penicillin-streptomycin. Cells between passages 22 and 30 were then seeded at a density of 4ϫ10 4 cells/cm 2 onto glass slides that were precoated with 50 g of fibronectin and grown to confluence for 3-4 days.
Shear application
The shear experiments were performed using a parallel-plate flow chamber as described previously (1, 43) , unless indicated otherwise. Briefly, 15 dyn/cm 2 of shear stress was applied on RFPEC monolayers. The circulation fluid was DMEM with 5% FBS and 0.5% BSA. The flow system was kept at 37°C in a humidified 5%/95% CO2 air incubator.
Immunofluorescence staining
Immediately after exposure to shear stress, the distribution of glycocalyx components and MRs on RFPECs was detected using immunofluorescence staining methods.
Staining of HS, CS, and adsorbed albumin. The RFPEC monolayers were fixed with 2% paraformaldehyde/0.1% glutaraldehyde, blocked with 2% goat serum (GS; Invitrogen), stained with HS mouse monoclonal antibody (1:100; 10E4 epitope, AMS Biotechnology; or HepSS-1, US Biological), biotinylated Griffonia (Bandeiraea), Simplicifolia Lectin II (GSL II, 100 g/cm 2 in 1ϫ DPBS without calcium and magnesium; Vector Labs) and anti-BSA (rabbit IgG, 1:300; Molecular Probes), and visualized with Alexa Fluor 488 goat antimouse antibody (1:400; Molecular Probes), Alexa Fluor 488 antibiotin (1:100 in 1ϫDPBS, Jackson ImmunoResearch Lab), and Alexa Fluor 488 goat anti-rabbit antibody (1:400; Molecular Probes), respectively.
Staining of glypican-1 and syndecan-1. Cells were fixed with 2% paraformaldehyde, blocked with 2% GS, stained with syndecan-1 rabbit polyclonal antibody (H-174, Santa Cruz) and glypican-1 rabbit polyclonal antibody (H-95, Santa Cruz), respectively, and visualized with Alexa Fluor 488 goat anti-rabbit antibody (1:400).
Staining of caveolae/caveolin-1. Cells were fixed with 2% paraformaldehyde and permeabilized with 0.5% Triton X-100. After blocking with 2% GS, cells were incubated for 1 h with 5 g/ml caveolin-1 rabbit polyclonal antibody (Transduction Laboratories). Alexa Fluor 488 goat anti-rabbit antibody (1:400; Molecular Probes) was used to indirectly label caveolin-1.
CTx-B labeled GM 1. Cholera toxin B subunit (CTx-B) is routinely used to stain the ganglioside GM1. Cells were fixed with 2% paraformaldehyde and incubated with Alexa Fluor 488 CTx-B (5 g/ml; Molecular Probes) for 1 h.
Antibodies were diluted in blocking buffer unless indicated otherwise. Finally, cells were mounted in the Aqua-Poly/Mount coverslipping medium (Polysciences). Negative controls were prepared without the primary antibodies or binding proteins.
Confocal microscopy
All samples were imaged with a Zeiss LSM 510 laser scanning confocal microscope (Confocal Microscopy Laboratory, The City College of New York) using a Plan-Apochromat 63ϫ/1.4 Oil DIC objective as described previously (42) . The field of view (FOV) was ϳ133.6 ϫ 133.6 m 2 (ϫ63), captured into an 8-bit file with a 512 ϫ 512 pixel resolution. To obtain a Z-series stack, the interval between slices was 0.3 m. For different stains, the imaging parameters, such as detector gain and amplifier offset, were optimized.
Quantification and analysis
The image stacks were analyzed with ImageJ software (version 1.46; National Institutes of Health) as described previously (42) . In brief, in the maximum-intensity Z-projection of the green Z-series stack (Alexa Fluor 488 channel), each pixel in the FOV contains the maximum intensity value over all images in the stack at the particular pixel location. All information equal to or higher than background was selected as a region of interest (ROI).
Mean fluorescence intensity in the FOV. The mean fluorescence intensity (MFI) in the FOV minus the background fluorescence intensity of the maximum-intensity Z-projection image was determined. Data are expressed as the mean percent change Ϯ SE of the MFI compared with that of static control.
Coverage. The area of the ROI in the maximum-intensity Z-projection image was calculated using ImageJ. The percent coverage was defined as the ratio of the area of the ROI and FOV
where COV is the coverage, ⌬A T is the area of the ROI, and A0 is the area of the FOV.
Outlining the cell body
In some cases, there were no clear cell boundaries in the maximumintensity Z-projection image. Therefore, an additional channel was created to collect the differential interference contrast (DIC) image ( Fig. 1) . A cell was selected randomly on the clearest DIC image, and the position of its outlined boundary was recorded as ROI (Fig. 1A) . The same ROIs were used in subsequent analysis, such as developing the radial profiles of glypican-1 (Fig. 1B) .
Radial profile analysis. Radial profile analysis was performed using the radial profile plug-in for ImageJ software. In brief, the integrated intensity (I Int) is the sum of the intensity value at each pixel around a circle at a specified radius divided by the number of pixels in the circle
where Ir is the rth pixel value along the circle, and N is the number of pixels in the circle. Then, the normalized intensity (INormalized)i at radius Ri is the integrated intensity normalized by the maximum intensity in all circles A B 
In Eq.3, (I Int)i is the integrated intensity at the circle of radius Ri (i ϭ 1, 2, . . . , N); the center of cell is i ϭ 1; and the edge of cell is i ϭ N. The normalized radius (RNormalized)i is the radius normalized by the maximum radius
Thus the normalized radii at the center and edge of the cell are 0 and 1, respectively. Note that the radial profile plug-in automatically changed the borders to the best-fit circles for subsequent analysis. Finally, all of the normalized radial profiles of normalized intensity were concatenated and fitted to one curve, which was defined as the average radial profile. With R Normalized in the range [0, 1, 0.1], a new dataset that consisted of eleven points (RNormalized, INormalized) was predicted from the fitting curve and used for nonparametric statistical test.
Sulfated GAGs quantitation
The sulfated GAGs (HS and CS) in the circulation medium and the cell lysate after shear stress were determined using a Blyscan sGAG assay (Biocolor). In brief, after shear stress for 30 min, both the circulation medium and the cell lysate were collected and centrifuged at 10,000 g for 10 min to remove the cell debris. For cell lysate, the cell monolayer was washed with PBS, and then 2 ml of 150 -200 mg/l papain (Sigma) in sodium phosphate buffer (80 l papain in 100 ml of 0.2 M Na 2HPO4-NaH2PO4 buffer, pH 6.4, with 0.1 M sodium acetate, 0.01 M Na2EDTA, and 0.005 M cysteine HCl) was added followed by an incubation for 3 h at 65°C with occasional mixing. The GAG concentrations in the circulation medium and the cell lysate were determined based on the specific binding of 1,9-dimethyl methylene blue to sulfated GAGs and quantified against a calibration curve constructed from the diluted chondroitin-4-sulfate standards.
Localization of glypican-1 and caveolin-1 in MRs
MRs were fractionated from ECs, as described previously (39) . Briefly, after shear stress application, RFPECs were scraped into ice-cold, detergent-free Tricene buffer (250 mM sucrose, 1 mM EDTA, 20 mM Tricene, pH 7.4), and centrifuged at 1,000 g at 4°C for 10 min to precipitate nuclear material. The resulting supernatant was mixed with 30% Percoll in Tricene buffer, and subjected to ultracentrifugation at 103,000 g at 4°C for 25 min (Beckman MLS50 rotor). The separated plasma membranes were collected, sonicated (3 ϫ 30-s bursts), and mixed with 60% sucrose (to a final concentration of 40%) before being overlaid with a 35-5% step sucrose gradient and subjected to ultra-centrifugation at 247,000 g at 4°C overnight. Membrane raft fractions (the light buoyant density fraction) were collected, and proteins were precipitated using a solution of 0.1% (wt/vol) deoxycholic acid in 100% (wt/vol) tricholoroacetic acid. Proteins precipitated from MR fractions were reconstituted in sample buffer and separated by 5-20% SDS-PAGE, followed by electrotransfer to nitrocellulose membranes. For immunoblotting, membranes were incubated with antibodies against caveolin-1 and glypican-1 [epitope corresponding to residues 346 -361 of rat glypican (13) , donated by Dr. Richard Margolis of New York University Langone Medical Center]. Proteins were detected with the use of enhanced chemiluminescence substrate (Amersham). Autoradiograms were scanned and digitized (Molecular Dynamics).
NO measurements
For real-time quantification of nitric oxide (NO) production, the fluorophore 4,5-diamino-fluorescein (DAF-2) and confocal microscopy were used. Before 15 dyn/cm 2 of shear stress were appied, RFPECs were washed and pre-incubated with 1 M DAF-2 (Sigma) and 0.6 M tetrahydrobiopterin (BH4) for 1 h and then rinsed twice with fresh circulation media (DMEM with 0.6 M BH4 and 1% BSA) to remove the excess fluorophore. DAF-2 reacts with NO in the presence of dioxygen to form fluorescent DAF-2T. The fluorescence intensity of DAF-2T was measured from the confocal image (time series of Z-stacks). The apparatus for shear stress application in this section was the ibidi 0.2 Luer -Slide I (ibidi, Germany).
Statistical analysis
Data are presented as means Ϯ SD obtained from at least three independent experiments, unless indicated otherwise. The images for coverage calculations were obtained from at least 12 maximumintensity Z-projection images. At least 40 cells were chosen for radial profile analyses. To reduce the sampling error, 80 cells were selected to determine the changes in HS and glypican-1 distribution after 30 min of shear exposure. Statistical analysis was performed by one-way ANOVA with either the least significant difference (LSD) test or Tamhane's T 2 test (depending on Levene's statistic for homogeneity of variance), and nonparametric tests (Wilcoxon paired signed-rank test) using the SPSS 20.0 software package. Differences in means were considered significant at P Ͻ 0.05. All images shown in the present paper had the background subtracted, unless otherwise indicated.
RESULTS
Redistribution of GAG components under shear stress
Clustering of HS. Under static conditions, HS covered most of the apical cell surface and appeared to be distributed nearly uniformly, with only slightly higher intensity in the boundary than in the interior (Fig. 2, A and D, static) . Under 15 dyn/cm 2 of shear stress, HS moved toward the cell's downstream edge (Fig. 2, A and D, 10 min) and eventually clustered at the cell boundary (Fig. 2, A and D, 30 min) , showing a highly nonuniform distribution of HS after shear stress exposure.
At both 10 and 30 min, the MFI of HS was not significantly different from that under static conditions, suggesting no net loss of HS from the surface (Fig. 2B) . However, there was a time-dependent change in coverage of HS under shear stress (Fig. 2C) . The static coverage of HS was 83.6 Ϯ 4.3%. After 10 and 30 min of exposures, the coverage of HS was decreased significantly to 67.6 Ϯ 2.7% and 57.9 Ϯ 5.5%, respectively.
Distribution of CS. CS appeared to be evenly distributed over the cell surface, with fluorescence at cell-cell appositions not much different or only slightly higher than fluorescence over the cell body (Fig. 3A) . The MFI of CS did not change significantly when RFPECs were exposed to shear stress for 30 min (Fig. 3, A and B) . The initial coverage of CS was 86.1 Ϯ 4.9%, and, unlike HS, the coverage of CS did not change significantly under shear stress (Fig. 3, A and C) . Given these observations, the radial profile was not calculated.
Distribution of adsorbed albumin. Albumin was strongly bound to the membrane glycocalyx (Fig. 3D) and covered 95.6 Ϯ 3.0% of EC surface area (Fig. 3, D-F) . The MFI and coverage were maintained at baseline levels after exposure to shear stress for 30 min, similar to CS but distinct from the clustering of HS.
Quantification of GAGs by Blyscan assay
To validate that the reduction of HS coverage is due to clustering, not shedding, we used the Blyscan assay to directly measure the sulfated GAGs (HS and CS) in the circulation medium and cell lysate after shear stress for 30 min. The results show that the GAGs in the circulation medium and the cell lysate after shear stress exposure did not change (Fig. 4) , which supports the clustering of HS under shear stress.
Redistribution of PG core proteins under shear stress
The PG core proteins of interest are syndecan-1, which binds both HS and CS chains, and glypican-1, which is exclusively linked to HS (33) . To examine whether glypican-1 or syndecan-1 is responsible for the reorganization of HS, we observed the distributions of glypican-1 and syndecan-1 under shear stress.
Clustering of glypican-1. The GPI-anchored glypican-1 covered ϳ42% of the RFPEC surface (Fig. 5, A and C) . After 30 min of shear stress exposure, the coverage of glypican-1 decreased significantly by nearly 49% (Fig. 5, A and C) , but the MFI of glypican-1 was not significantly affected (Fig. 5B) , suggesting that glypican-1 was clustering without being removed from the surface, further reinforcing the results in Figs. 2 and 4 . The distribution of glypican-1 under shear stress changed significantly, showing that glypican-1 moved to the cell boundary (Fig. 5D) , similar to the movement of HS (Fig. 2D) .
Distribution of syndecan-1. The dynamics of transmembrane syndecan-1 on RFPECs under shear stress are shown in Fig. 6 . The initial coverage of syndecan-1 was ϳ49%. No significant changes in the coverage, the MFI, or the distribution of syndecan-1 were observed after exposure to shear stress for 30 min.
Localization of caveolin-1 and glypican-1 in MRs
Sucrose light buoyant density membrane fractions have been widely used to identify MRs. The localization of caveolin-1 and glypican-1 in the light buoyant density membrane fraction were analyzed by Western blot (Fig. 7) . In RFPECs subjected to 15 dyn/cm 2 shear stress for 10 or 30 min, total membrane expressions of glypican-1 and caveolin-1 did not change compared with static controls. This indicates that caveolae are not being added to or removed from the membrane and that glypican-1 is not moving into or out of the membrane raft fraction during shear stress exposure for 30 min.
Distribution of caveolae/caveolin under shear stress
GPI-anchored proteins like glypican-1 are localized in both caveolae and lipid rafts (18, 27) . To explore which compartments of the MRs are associated with the movement of glypi- can-1, the marker protein of caveolae, caveolin-1, was stained to reveal the spatial distribution of caveolae (Fig. 8) . No significant changes in the MFI of caveolin-1 could be detected after 10 and 30 min of exposures (Fig. 8, A and B) . The coverage of caveolin-1 was not altered after exposure to shear stress for 10 and 30 min either (Fig. 8C) . In addition, the radial distributions of caveolin-1 intensity at both 10 and 30 min were not different from that under static condition (Fig. 8D) . Overall, the stable MFI, coverage, and spatial distribution of caveolin-1 indicate that caveolae are anchored sufficiently to resist shear stress during 30 min of exposure.
Distribution of GM 1 under shear stress
CTx-B was used to stain GM 1 , which is a marker of MRs (Fig. 9) . The clustering of GM 1 was observed after 10 and 30 min of exposures (Fig. 9A) . The MFI of CTx-B increased with shear exposure time and was significantly enhanced by 22.8% at 30 min, indicating the recruitment of GM 1 to cell membrane (Fig. 9B) . But there was no recruitment of caveolin-1 or glypican-1 to MR as shown in Fig. 7 , suggesting that GM 1 is recruited to the lipid raft fraction of MR.
The coverage of CTx-B-labeled GM 1 did not change during 10 and 30 min of shear stress exposures (Fig. 9C) . However, the distributions of GM 1 under those conditions were significantly different from each other, indicating that GM 1 was gradually moving to the cell boundary under shear stress (Fig. 9D) , similar to the movement of HS (Fig. 2D ) and glypican-1 (Fig. 5D) .
DISCUSSION
Many studies of mechanotransduction in endothelial cells are based on the initial exposure of statically cultured cells to a step change in shear stress (2, 11, 19, 25, 40) . Shear stress induces EC responses via cytoskeleton-dependent and -independent pathways (29, 36) , including the glycocalyx, which is an important mechano-sensing element on the plasma membrane surface (33, 36) . The present study revealed the very early responses of the glycocalyx to shear stress during the initial 30 min of exposure. We used RFPECs that have been well characterized as a model cell for visualizing glycocalyx components (42) . These cells display several characteristic endothelial responses to shear stress, including intercellular and cytoskeletal junction remodeling (34) and shear-induced NO production (Fig. 10) . In a recent study (42) , we showed that the coverages of HS and CS on RFPECs are similar, but we cannot infer from this that the relative abundances (masses) are the same or similar. For example, Fig. 2 of the present work shows large changes in coverage of HS during 30 min of shear exposure but no change in MFI. In addition, the fluorescent-antibody technique can be used to map the location of target antigens, but it cannot be used to compare masses of different molecules, because the specific antibody-antigen affinities may differ greatly (35) .
When individual GAG components, including HS and CS, were selectively depleted from the EC surface by enzymes (42) , the remaining component coverages were not affected, suggesting that GAG components do not interact with one another. In the present study, we found further evidence to support these findings. The confocal images showed that 15 dyn/cm 2 of shear stress induced very different distributions of HS, CS, and albumin on RFPECs (Figs. 2 and 3) . HS moved toward the downstream edge of a cell and then clustered at the cell boundary with a significant decrease in coverage, but the coverages and intensities of CS and albumin were not affected. The data suggest that albumin binds more strongly to other glycocalyx components (CS and HA) than to HS, as shown in our previous study (42) . Using the Blyscan assay, we found the amount of sulfated GAG (HS and CS) in the circulation medium (Fig. 4A ) and the cell lysate (Fig. 4B) did not change after shear stress exposure, further supporting the fact that HS was clustering, not shedding. Since glypican-1 and syndecan-1 carry HS and CS, these data suggest that they were not shed either.
Glypican-1 carries HS exclusively (33) , and syndecan-1 carries both CS and HS (14) . Glypican-1 was reduced in coverage and appeared to cluster (Fig. 5 ) without expression reduction (Fig. 7) , but syndecan-1 did not appear to move (Fig.  6 ). In addition, by examining the MFI data, we found no evidence that GAGs (HS and CS; Figs. 2 and 3) or core proteins (glypican-1 and syndecan-1; Figs. 5 and 6) increased or decreased under shear stress for 30 min. These observations further confirmed the hypothesis that glypican-1, but not syndecan-1, redistributes in response to shear.
The results in Figs. 5 and 6 combined with the observation of clustering of HS but not CS (Figs. 2 and 3 ) strongly suggest that glypican-1 carried the HS that moved and aggregated in the cell junction. Notably, glypican-1 is bound directly to the plasma membrane through a GPI anchor and localized to MRs (33) . The MRs consist of dynamic assemblies of cholesterol and sphingolipids in the exoplasmic leaflet of the bilayer (16) . On the other hand, syndecan-1 has a transmembrane domain that links it to the cytoskeleton. Under shear stress for 30 min, the expression of caveolin-1, MFI, coverage, and spatial distribution did not change, indicating that caveolae are stabilized sufficiently to resist shear stress during the first 30 min of exposure (Figs. 7 and 8) . In a previous study (25) , it was shown that the caveolae density at the plasma membrane increased sixfold after 10 dyn/cm 2 of shear stress exposure for 6 h, a much longer shear exposure than the 30 min of the present study. Although almost all caveolin-1 is localized in caveolae, nearly half of the GPI-anchored proteins reside outside caveolae on ECs (18, 27) . A large fraction of glypican-1 was likely associated with caveolae and thus was not mobilized during the 30 min of shear exposure, which resulted in the smaller changes in the distribution of glypican-1 compared with HS ( Figs. 2 and 5) . All of the data in Figs. 2-8 led to the conclusion that the mobile HS ( Fig. 2A) is bound to glypican-1 (Fig. 5) that is outside the caveolar fraction of membrane rafts. This leads to the conclusion that lipid rafts carry the mobile glypican-1 and HS. To reinforce this conclusion, we observed the movement of a MR marker-GM 1 .
GM 1 is a widely used marker residing on MRs (10, 12) . It has been demonstrated that GM 1 is present over the entire cell surface and enriched in caveolae (20) . Because the caveolin-1/caveolae did not move under shear stress (Fig.  8) , the extra labeling of GM 1 in the immobile caveolae by CTx-B resulted in smaller, but statistically significant, changes in the distribution of GM 1 compared with HS (Figs. 2 and 9 ). The fact that there was no significant change in coverage of GM 1 under shear stress (Fig. 9C ) appears to be a result of the recruitment of GM 1 to cell membrane (Fig. 9B) that is compensated by clustering, as displayed in Fig. 9A . These results further support our contention that lipid rafts, but not The final data were presented as the percentage of initial intensity of DAF-2T (t ϭ 0). Data are means Ϯ SD. The fluorescence intensity of DAF-2T was significantly increased after exposure to 15 dyn/cm 2 of shear stress for 1 min (n ϭ 4), 2 min (n ϭ 6), 5 min (n ϭ 6), and 10 min (n ϭ 6), respectively. *Significant difference (P Ͻ 0.05).
caveolae, were associated with the mobilization of glypican-1 with attached HS. A cartoon summarizing our interpretation of the experimental observations is presented in Fig. 11 .
Implications of shear-induced reorganization of the glycocalyx
After exposure to shear stress for 30 min, the coverage of HS decreased significantly, and much of the HS was translated from the central region of the cell to its intercellular junctions. Theoretical modeling of flow over a uniformly distributed glycocalyx suggests that the glycocalyx layer attenuates fluid shear stress to a negligible level at the cell surface and in effect shields the endothelial membrane (37) while transferring stress to the cell through the core proteins (glypican and syndecan). Here, we have shown a highly nonuniform distribution of HS after 30 min of shear stress that may reduce shielding of the cell membrane from shear stress.
Clustering of cell surface receptors, signaling molecules, and glycosphingolipids in MRs play important roles in transducing signals for various cellular processes (41, 44) . The clustered MRs can recruit or aggregate signaling molecules to form platforms that initiate receptor-mediated transmembrane signal transduction in a variety of mammalian cells (38) . For example, MR clustering on the arterial endothelium can recruit redox signaling molecules, including NADPH oxidase subunits and Rac GTPase, which impair endothelium-dependent vasodilation by enhanced production of reactive oxygen species (ROS).
Superoxide radicals (one form of ROS) in the human umbilical vein ECs under 20 dyn/cm 2 of shear stress for 30 min were elevated to the maximal level, about fourfold greater than that in statically cultured cells (3). Although we did not measure ROS in the present study, we did not observe any GAG degradation during the 30 min of exposure to shear stress (Fig. 4) . In addition, it was demonstrated that NO production increased significantly within minutes after exposure to shear stress in the present study (Fig. 10 ) and many other studies with different cell types (8, 15, 22) . We previously demonstrated that HS plays a central role in shear stress-induced NO production (8, 19 ) and redistribution of F-actin (34) . In the present study, we have shown that the onset of flow induced the movement of HS on lipid rafts. It is possible that the signaling pathways involved in ROS and NO production are activated by the initiating event of shear-induced clustering of lipid rafts carrying HS.
In summary, the present study demonstrates that 15 dyn/cm 2 of shear stress induced the clustering of HS via mobility of GPI-anchored glypican-1 in lipid rafts during the initial shear exposure up to 30 min. In contrast, the transmembrane protein syndecan-1 with attached HS and CS, and albumin seem to be fixed in position, as well as the glypican-1 with attached HS in caveolae.
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